A series of range-finding studies was conducted in a limited number of male F344 rats on the relation between cell proliferation and styrene oxide (SO) given as gavage doses in corn oil ranging from 550 to 1500 mg SO/kg. In each study, rats were injected with [ 3 H]thymidine (0.50 mCi/g, ip) at intervals from 1 to 48 hr after dosing with SO. One hour later, stomachs were removed and fixed in formalin. Autoradiograms were prepared and labeling index (LI) was determined as the percentage of epithelial cells with 3 Hlabeled nuclei. Mean LI increased with a peak at ~ 15 hr after one or nine doses of SO. The increases were multifocal and not restricted to the area near the limiting ridge. The magnitude of the response in LI at 24 hr after dosing tended to decrease with progressive multiple doses (3/week). Dose-related morphologic lesions from SO (particularly submucosal) were multifocal and variable across the forestomach; they appeared unrelated to LI in a given area. In a final study, groups of 10 rats were given a single dose of 0, 20, 50, 125, 250, 500, or 800 mg/kg and LI was determined 15 hr later. Mean LI was dose-related with increases up to 250 mg/kg. A maximum response had apparently been reached and higher doses did not cause any further increase in LI. The degree of involvement of cell proliferation in the tumorigenicity of SO remains uncertain; additional studies are suggested to help in the understanding of such a possible relation, c 19% soday of Toxicology Styrene-7,8-oxide (SO) is primarily used as a reactive diluent in the epoxy-resin industry. It is also used in the treatment of textiles and fibers and as an intermediate in the preparation of agricultural and biological chemicals, cosmetics, and surface coatings (IARC, 1979). SO is also the primary metabolite of styrene, formed by oxidation of styrene by microsomal cytochrome P450 monooxygenases. SO may then be conjugated with glutathione or converted to phenylethylene glycol or phenylacetaldehyde (ECETOC, 1992).
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SO is known to cause tumors in the forestomach of rats ' To whom correspondence should be addressed. 2 Present address: ToxWorks, 39 Manners Rd., Ringoes, NJ 08551. and mice dosed orally; this tumorigenic activity appears to be specific to the forestomach and, in general, is dose-related. F344 rats receiving 250 and 500 mg/kg of SO in corn oil three times per week for 104 weeks via oral gavage developed squamous cell carcinomas and papillomas of the forestomach (Lijinsky, 1986) . Less than 10% of the carcinomas metastasized to the liver and other organs. Maltoni (1982) gave Sprague-Dawley rats either 50 or 250 mg/kg of SO in olive oil 4 to 5 days per week for 52 weeks via oral gavage and then maintained the animals until death. The rats developed simple hyperplasia, squamous cell dysplasia, acanthomas, papillomas, and invasive squamous cell carcinomas of the forestomach. Ponomarkov et al. (1984) orally dosed female BDIV pregnant rats with 200 mg/kg SO in olive oil on Gestational Day 17. Their offspring received 100-150 mg/kg of SO once per week for 96 weeks by gavage and developed hyperkeratosis, hyperplasia, dysplasia, carcinomas, and papillomas of the forestomach. Although SO causes forestomach tumors when given orally, dermal administration in C3H or Swiss-Mullerton mice has not caused tumors (Weil, 1963; Van Duuren et al., 1963) . The genotoxicity of SO in vitro has been well documented. Positive results have been obtained in Salmonella typhimurium (Turchi et al., 1981; Wade et al., 1978; de Meester et al., 1977) , Escherichia coli (Sugiura et al, 1981; Voogd et al., 1981) , in Schizosaccharomyces pombe and Chinese hamster V79 cells (Loprieno et al., 1976 (Loprieno et al., , 1978 , and rat hepatocytes (Sina et al., 1983) . Exposure to SO produced chromosomal aberrations and induced micronuclei in Chinese hamster V79 cells and human lymphocyte cultures (Turchi et al., 1981; Fabry et al., 1978) . Sister chromatid exchanges (SCE) were induced in Chinese hamster ovary cells and cultured human lymphocytes (de Raat, 1978; Norppa et al., 1981) .
In vivo tests for genotoxicity of SO have been largely negative. When BALB/c male mice were dosed ip (250 mg/ kg), results were negative on the induction of chromosomal aberrations in bone marrow cells, on the production of micronuclei in polychromatic erythrocytes, on the spermatocyte test (examination for the presence of reciprocal translocations), and on the dominant lethal test (Fabry et al., 1978) .
Chinese hamsters receiving a single ip dose of 250 mg/ kg SO did not have increased chromosomal aberrations or number of micronuclei in the bone marrow (Penttila et al., 1980) . Inhalation exposure to SO at 25, 50, 75, and 100 ppm had no effect on chromosomal aberrations or SCE frequencies in Chinese hamsters (Norppa et al., 1979) . SO injected into male NMRI mice (ip, 216-841 mg/kg) did induce single-strand breaks in the DNA of liver, lung, kidney, testis, and brain (Walles and Orsen, 1983) .
Without a clear genotoxic mechanism in vivo, could the production of tumors be related to increased cell proliferation in the forestomach? Increases in cellular proliferation caused by nongenotoxic stimuli has been proposed as a likely mechanism of tumors caused by a variety of chemicals tested in rodents (Ames and Gold, 1990; Clayson et al., 1989; Kroes and Wester, 1986 ). This hypothesis is, however, dependent on information on the relative doses of the chemical which cause cell proliferation in the forestomach and which produce tumors.
For SO, hyperplasia and related abnormalities were noted in the studies cited above, but there were no quantitative data on cell proliferation. The present work was undertaken to provide information on the labeling index (LI) in the epithelium of the forestomach of rats following oral administration of SO. Three set of studies were performed. The first involved administration of high doses of SO to demonstrate a dose which would increase LI. The second incorporated determination of LI at intervals after dosing to establish the time of maximum response in proliferation. The third provided a dose-response over a wide range of doses of SO, with LI measured at the maximum time of response.
MATERIALS AND METHODS
Styrene oxide (CAS 96-09-3, Aldrich Chemical Co.) was diluted in com oil for all dosing. The com oil was given by oral gavage to unfasted rats at a volume of 1 ml/kg regardless of the dose of SO. Unless stated otherwise, the SO was given three times/week. Male Fischer 344 rats (Taconic Farms, Germantown, NY) were used for all studies.
Pulse labeling with [ 3 H]thymidine was chosen for these studies rather than continuous labeling with an osmotic pump primarily because of the uncertainty regarding turnover rate of labeled cells in affected epithelium and potential loss of those cells during the infusion period. At I to 48 hr after a given dose of SO (depending on the design of the study), the animals were injected with [ 3 H]thymidine (0.50 fiCi/g, ip). One hour after injection with [
3 H]thymidine the animals were killed with CO 2 and the stomach was removed with adjacent esophagus and intestine. Injections of [ 3 H]thymidine were performed in the morning (8-12 AM) whenever possible to avoid possible diurnal variations. However, it was necessary for some to be done at other times because of the study design After infusion of the stomach with 10% buffered formalin, the esophagus and anterior part of the intestine were tied off; the tissues were then placed in formalin for 24 hr. After fixation, the stomach was cut in half longitudinally. The cut was started ~5 mm from the opening of the esophagus into the stomach and included both the lesser and gTeater curvatures of the stomach for animals dosed with 1000 or 1500 mg/kg. For subsequent studies, examination of a section along the lesser curvature ~2 cm long from the saccus cecus to the glandular portion was adequate for representative data. The tissue was blocked in paraffin, sectioned at ~5 /im, and used for autoradiograms (ARGs) prepared with Kodak NTB-2 emulsion. A minimum of 1000 basal epithelial cells was evaluated microscopically within a given section of the stomach and the number labeled with [ 3 H]thymidine (s»10 grains/nucleus) was determined microscopically. If the stomach was ulcerated in part of the section, the cells were counted in the nonulcerated area. Labeling index was calculated as the percentage of basal epithelial cells which were labeled.
In the studies on time course and dose response, the thickness of the layers of the wall in the forestomach was measured for comparison with LI and as an additional quantification of the effects of SO. The ARGs were examined microscopically with a reticule in the eyepiece of the microscope. The reticule had been calibrated with a stage micrometer and was used to measure the approximate thickness of each of the five layers of the stomach. It is reasonable to assume that the thickness of the various layers was affected by processing of the tissues for microscopy; however, the measurements do provide an index of the true thickness of the tissues.
Multiple doses of 1000 and 1500 mg/kg. Initial dosings at 1500 mg/ kg were intended to identify a relatively high dose that would increase LI after multiple administrations and was based on the assumption that LI would be significantly increased at ~ 1 day after each dose. Thirty rats were dosed with 1500 mg/kg, three times/week, for up to 13 doses. Clinical observations were recorded daily and body weight was measured periodically. LI was determined with a pulse label of [ 3 H]thymidine injected ip at 24 hr after 1,4, 7, and 13 doses of SO. Vehicle controls were also provided.
A subsequent study was performed at a lower dose of 1000 mg/kg in order to establish a nonlethal dose which could still increase the LI. A total of 30 rats was dosed three times per week for a maximum of 25 doses. Groups of six animals were injected with [ 3 H]thymidine and killed after 1, 4, 7, 10, and 25 doses.
Time course after single and multiple doses of 800 mg/kg. The evaluation of LI after doses of 1000 or 1500 mg/kg was limited to 24 hr after dosing. In order to measure LI at intervals after dosing with SO, LI was measured at intervals after one and nine repeated doses of 800 mg/kg in order to determine the time course of changes following one or multiple doses. The dose was chosen to produce a definite change in LI, but with less severe histologic lesions than with higher doses. A total of 98 rats was divided into groups of 7 animals. One set of groups was given one dose of 800 mg/kg of SO and injected with a pulse label of tritiated thymidine at 0, 1, 6, 15, 24, and 48 hr after dosing. A second set of groups was dosed eight times (three times/week). Their LI was determined just before die ninth dose (48 hr after the eighth dose) and at 1,6, 15, 24, and 48 hr after the ninth dose. There were also untreated controls and vehicle controls dosed nine times with com oil. The severity of gross changes in the stomach wall was graded by change in color (areas of tan to dark gray) and diagrams were prepared of each stomach showing the extent of the color changes in the rats dosed with SO.
Dose response of LJ after a single dose of SO.
The dose response in LI at 15 hr, the time of maximum response, after a single dose of SO was determined using six groups of 10 male Fischer 344 rats, each dosed once by oral gavage with SO in com oil. Doses ranged from 20 to 800 mg SO/ kg. A seventh group was given only com oil, the vehicle for the SO. At 15 hr after dosing, each animal was injected with [ 3 H]thymidine. One hour after the administration of thymidine, the rats were killed with carbon dioxide. Animals were treated in a staggered fashion over multiple days to assure accurate timing between the administration of SO and of thymidine for a given individual.
Data were analyzed by ANOVA and Duncan's multiple range test, using SAS software. Two rats in the group given 800 mg/kg died and a few rats in other groups did not have proper labeling of nuclei in the forestomach (also indicated on sections of the small intestine from me same individuals); otherwise, the group size was 10. Two areas of the forestomach were counted per animal and the LI in each area was considered to be an independent data point.
RESULTS

Multiple Doses of 1000 and 1500 mg/kg
Half of the animals dosed with 1500 mg SO/kg died during the first week. At necropsy, forestomachs appeared reddened with apparent areas of focal hemorrhage. Lesions in the forestomach sometimes were so severe that the stomach adhered to adjacent organs, such as liver or spleen. In those areas where the structural integrity remained intact, LI was definitely increased as a result of dosing with SO. Mean LI after a single dose was 25 ± 14% compared to 5 ± 2% for controls. The LI tended to decrease over time as more doses of SO were given, ending with a mean LI of 16 ± 1% after 13 doses. Based on data for BHA, an effect on LI had initially been expected to be concentrated near the limiting ridge. No such preferential effect was observed and the counting of labeled cells was not restricted to the limiting ridge; LI was measured along the lesser curvature of the forestomach. It was apparent from the examinations of the histologic sections of animals dosed with SO that LI varied with location in the forestomach much more than had been expected. Histologically, the lesions and altered LI caused by SO appeared to be focal and to occur at many locations in the forestomach; no particular area of the forestomach appeared to be preferentially affected.
No animals died as a result of dosing with 1000 mg/kg, but mean body weights decreased after the first dose and remained ~10% less than mean body weights of the controls. LI was increased by exposure to SO. Once again, the increase in LI tended to diminish over the course of the 8 weeks of dosing (23 ± 16% after one dose vs 14 ± 2% after 25 doses and ~8 ± 3% in the controls).
Time Course after Single and Multiple Doses of 800 mg/kg
Microscopically, the lesions observed after nine doses of 800 mg/kg were similar to those found with repeated administrations of the higher doses. These lesions were restricted to the forestomach, but it was readily apparent that they were not located at any particular site within the forestomach. One of the most common changes was vesicular degeneration of the mucosal epithelium and associated increased thickness of the submucosa due to edema and inflammatory cell infiltration. Focal vesicular degeneration of the mucosa was characterized by separation of the keratin layer and epithelial cells within the mucosa with clear spaces. This separation resulted occasionally in frank necrosis of the mucosal epithelium. Another common finding was hyperplasia and hyperkeratosis of the forstomach mucosa. The mucosa was thickened by an increased amount of superficial keratin and an increased amount of epithelial cells. These changes were, in general, dose-related.
Mean values for LI and thickness of selected layers of the forestomach after one dose of 800 mg/kg are in Table 1 . LI was initially depressed and then increased, with a peak at about 15 hr postdosing. However, the LI was quite variable within a given group, even within a histologic section from the same animal.
Thickness of the basal epithelium followed the same pattern as LI, but was relatively delayed as would be expected. The keratin layer of the epithelium and the submucosa also were thicker after exposure, particularly the submucosa. This layer was the site of significant edema and other reactions which contributed to its thickness. Thickness of the basal section of the epithelium was also quite variable, as is apparent from the standard deviations in Table 1 . There was no readily apparent relation between individual values of LI and basal thickness in the same location in the forestomach (not shown).
LI tended to follow the same course after nine doses as after one dose (Table 1) , but the peak in LI at 15 hr after dosing was less pronounced (see Fig. 1 ). This finding agrees with the previous observation of lessened response of LI to SO with successive dosings (1000 and 1500 mg/kg). The thickness of the stomach layers after the eighth dose was more pronounced than after the first dose, particularly in the keratin and basal parts of the epithelium. However, the increase in thickness after the ninth dose was even more pronounced than after the first, even though the LI was not significantly increased. Apparently, at least some of the increased thickness was retained between doses and the LI may not have been representative of the cellular kinetics which led to the increased thickness after nine doses.
Individual values for LI and the thickness of the basal epithelium after nine doses had the same type of variability as after a single dose, but more pronounced. The coefficient of variation in LI after a single dose of 800 mg/kg was on the order of 34 to II8%, being lowest at the peak of 15 hr and highest at 48 hr after dosing (see Table 1 ). Table 2 contains mean values for LI and thicknesses of selected stomach layers at 15 hr after administration of SO. LI appeared to increase with increasing dose of SO until cytotoxicity or some other mechanism prohibited further increase. The LI with all but the lowest dose was significantly greater than the control LI (Table 2) . Overall, the data demonstrate an increase in LI with doses up to ~250 mg/kg and little increase, if any, with higher doses. Thickness of the keratin layer decreased with increasing dose, as seen in Table  2 ; it was significantly different from controls for the three highest dose groups. Another shift in the thickness of the stomach layers was in the submucosa. This layer became thicker due to edema and other lesions with higher doses of SO, as has been noted previously. This rather large change was greatly responsible for an overall thickening of the stomach wall with 800 mg/kg despite a thinning of the keratin layer.
Dose Response of LI after a Single Dose of SO
Microscopically, lesions in the forestomach were similar to those after multiple doses, but less severe. Vesicular degeneration of the mucosal epithelium, edema and inflammation of the submucosa, and both hyperplasia and hyperkeratosis of the mucosa were all observed. The severity of the changes were definitely dose-related. Vesicular degeneration of the mucosal epithelium (with increased thickness of the submucosa), frank necrosis of the mucosal epithelium, hyperplasia, and hyperkeratosis occurred with 800, 1000, and 1500 mg/kg in a dose-related manner. At 500 mg/kg, about half of the animals had slight to moderate vesicular degeneration and submucosal edema and inflammation. In the doses lower than 500 mg/kg, no treatment-related histologic abnormalities were observed.
DISCUSSION
The primary objective of this work was to provide data on the effect of orally administered SO on cell proliferation in the forestomach of rats. The doses of SO employed can be related to those in published studies of SO in rats. Individual doses in these studies ranged from 50 to 500 mg/kg each day. As seen in Table 3 , the incidence of carcinomas in the forestomach following chronic oral administration was generally related to the total dose of SO received by the animals. The total doses of SO required to produce tumors were on the order of several grams per kilogram; SO is not a potent carcinogen. Shorter published exposures (Table 4) led to basal cell hyperplasia and hyperkeratosis in the forestomach with dosing over 24 or 52 weeks. The incidence and severity of these nonneoplastic lesions was generally related to the total dose of SO. In the present work, the highest dose, 1500 mg/kg given three times per week, was equivalent to 4500 mg/kg each week and was both considerably larger than any used in the carcinogenicity studies and on the higher end of those used for shorter exposures (Table  4) . The lowest single dose of 20 mg/kg was below the 50 mg/kg employed by Maltoni (1982) . Overall, the doses used in the present work covered the spectrum of doses in published studies.
A single dose of orally administered SO caused an increase in LI in the epithelium of the forestomach with a peak at ~15 hr after dosing. The increase in LI was not restricted to the area of epithelium near the limiting ridge of the lesser curvature. In fact, the increases tended to be focal in nature and without an apparent relation to location within the forestomach.
This increase in cellular proliferation with single doses of SO was dose-related; administration of only 50 mg/kg caused a significant increase in LI. Thus, single doses of SO over a range of doses used in previous carcinogenicity studies caused a proliferative response. The dose-response curve is plotted in Fig. 2 . The general impression from this plot is a steep dose response at the lower doses (20 to 250 mg/ kg) and no further increase in LI with higher doses. The biologically maximum response at 15 hr postdosing appears to be a LI of 30-40%, as measured with a pulse label.
Data on LI agreed well with morphological changes. A single dose of 500 mg/kg led to microscopically apparent vesicular degeneration of mucosal epithelium and to submucosal edema and inflammation. Similar changes were not visible in H&E preparations at lower doses; therefore, LI was increased at doses which did not cause apparent morphological alterations. These observations were further supported by increased thickness of the submucosa at 500 and 800 mg/kg, but not with lower doses.
The dose response of tumors was compared to that for LI by plotting the tumor data from Table 3 in Fig. 2 , using the daily dose of SO as the basis for comparison to the doses of SO given once to measure LI. The span of both LI and the incidence of tumors ranges from control values to essentially a biological maximum. Interestingly, the dose response for both endpoints follows the same general trend over the same range of doses. Such an association is, of course, only suggestive of some type of relation between LI and tumor incidence. In a tumorigenicity study, however, the dosing spans several months, not just a single time. When rats were given multiple doses of 800, 1000, or 1500 mg/kg in the present work, the magnitude of the response in LI tended to decrease. Even so, LI was still increased after nine doses of 800 mg/kg, the lowest dose used with multiple administration. Once again, the response of LI and the morphologic changes were focal and variable from one area of the stom- Lijinsky, 1986 Lijinsky, 1986 Maltoni 1982 Maltoni 1982 Ponomarkov et al, 1984 Lijinsky, 1986 Lijinsky, 1986 Maltoni, 1982 Lijinsky, 1986 Lijinsky, 1986 Maltoni, 1982 Lijinsky, 1986 ach to another. This decrease in responsiveness of the LI may have resulted from a variety of factors, such as increased thickness of the keratin layer (and resulting decreases in the dose of SO to the underlying cells) or a decrease in the residence time of SO in the forestomach.
During this same time, histologic changes in the epithelium and underlying layers of the forestomach were doserelated. Effects in surviving animals given 1500 mg/kg were very severe; lesions with 1000 mg/kg were also severe, but less pronounced. Histologic changes were even more reduced with 800 mg/kg, although the thickness of the keratin, basal, and submucosal layers were all increased in response to multiple dosings of SO (Table 1) . However, the increased thickness was even more pronounced after the ninth dose than after the eighth. Apparently, at least some of the increased thickness was retained between doses, but the thicknesses did not cycle in a regular manner after the eighth and ninth doses. There appeared to be some irregular dynamics which may have been influenced by the timing or number of doses. Cantoreggi and Lutz (1992) reported no detectable binding of SO with DNA in the forestomach and concluded that tumors from SO might result from regenerative hyperplasia and associated promotion of tumors. Cantoreggi etal. (1993) subsequently measured LI in the forestomach of male F344 rats given SO by oral gavage three times per week for 4 weeks. Doses were 0, 137, 275, and 550 mg/kg. Rather than using a pulse label of thymidine, the authors employed a 24-hr exposure to 5-bromo-2'-deoxyuridine (BrdU), beginning in the afternoon after the last dose of SO. LI was increased by exposure to SO in different regions of the forestomach (saccus cecus, midregion, and prefundic region). The authors concluded that the "lack of a clear dose-response relationship indicates that the cell proliferation response had reached its biological maximum when measured with a 24-hr integral for the number of cells in S phase." Figure 3 demonstrates the dose response of LI after single dose of SO; it also contains the mean LI at 15 hr after nine (1993) doses of 800 mg/kg and after 10 doses of 1000 mg/kg. The lesions associated with 1500 mg/kg were considered too severe for use. Note again that the response in LI after multiple doses was less than with a single dose. The average data from Cantoreggi and Lutz (1992) were also plotted as a percentage of control values. Even though they used a continuous perfusion rather than a pulse label, the results are comparable with the present study. There was generally an increase in LI from doses of 137 to 275 mg/kg and no further increase with 550 mg/kg. Their data are generally consistent with the lack of a dose response in LI following a dose greater than ~250 mg/kg in the present work.
The question of the relation of increased LI to the tumorigenicity of SO remains unanswered. Cantoreggi etal. (1993) had concluded that "a mechanism combining marginal genotoxicity with strong promotion by increased cell proliferation appears to be involved in the tumorigenic action of SO." Although such an hypothesis seems appropriate, further work on the proliferative and histologic response with a range of multiples doses of SO would help in the understanding of the relation between cell proliferation and the production of tumors in the forestomach.
